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There is longstanding evidence that X-chromosome inactivation (XCI) travels less successfully in autosomal than in X-chromo-
somal chromatin. The interspersed repeat elements LINE1s (L1s) have been suggested as candidates for “boosters” which promote
the spread of XCI in the X-chromosome. The present paper reviews the current evidence concerning the possible role of L1s
in XCI. Recent evidence, accruing from the human genome sequencing project and other sources, conﬁrms that mammalian
X-chromosomes are indeed rich in L1s, except in regions where there are many genes escaping XCI. The density of L1s is the
highest in the evolutionarily oldest regions. Recent work on X; autosome translocations in human and mouse suggested failure of
stabilization of XCI in autosomal material, so that genes are reactivated, but resistance of autosomal genes to the original silencing
isnotexcluded.TheaccumulationofL1sontheX-chromosomemayhaveresultedfromreducedrecombinationorlatereplication.
Whether L1s are part of the mechanism of XCI or a result of it remains enigmatic.
Copyright © 2006 Mary F. Lyon.ThisisanopenaccessarticledistributedundertheCreativeCommonsAttributionLicense,which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
INTRODUCTION
At an early stage in the discovery of X-chromosome in-
activation (XCI), the phenomena seen in mouse X; au-
tosome translocations provided important clues. The ﬁrst
relevant observation that led to the discovery of XCI was
that female mice heterozygous for X-linked colour genes
showed characteristic patterns of colour variegation in their
coats diﬀerent from the patterns produced by autosomal
colour genes [1]. Similar variegated coat colour patterns oc-
curred in females heterozygous for X; autosome transloca-
tions when the translocated autosomal segment included
loci of coat colour genes [2]. This was attributed to the
travel of the inactivating signal from the X-chromosome
into the attached autosome. However, the inactivation of
colour genes occurred in only one of the two segments into
which the autosome was broken. This led to the concept
of the X-inactivation centre (XIC) on the X-chromosome,
from which the silencing signal spread in a cis-limited man-
ner along the chromosome [3, 4]. Only X-chromosomal
or autosomal segments in physical continuity with the XIC
underwent inactivation. Another feature seen in X; auto-
some translocations was that the autosomal segment in-
volved did not undergo complete inactivation. Genes dis-
tant from the translocation break showed less variegation,
and therefore less inactivation, than genes nearer to the
break [4]. It appeared that the silencing signal travelled
less successfully in autosomal than in X-chromosomal chro-
matin.
The concept of the X-inactivation centre has led to ma-
jor advances. The XIST/Xist gene (XIST is the human gene
symbol and Xist the mouse gene symbol) cloned from the
XIC has been shown to be necessary and suﬃcient for the
initiation of XCI in the early embryo [5, 6]. Xist codes for an
untranslatedmRNAwhichcoatstheinactiveX-chromosome
(Xi) [7] and initiates gene silencing. This is followed by a
process of stabilization of the inactive state, which is in-
dependent of Xist and involves a complex series of chro-
matin changes, including histone modiﬁcations and methy-
lation of CpG islands (reviewed in [8]). The Xi becomes late
replicating, its histones H3 and H4 are hypoacetylated, hi-
stone H3 is methylated at lysines K9 and K27, its CpG is-
lands are methylated, and it is associated with the variant
histone macro-H2A.1. These are the so-called hallmarks of
XCI.
Thus, much is known concerning the initiation of XCI
but the basis for the apparently less successful travel of the
silencing in autosomal than in X-chromosomal chromatin
remains enigmatic. Riggs [9, 10] suggested the existence of
“waystations”or“boosters”alongtheX-chromosomewhich
enhanced the spread of XCI. I suggested that interspersed re-
peat elements, speciﬁcally LINE1s, were candidates for the
boosters [11, 12]. This paper provides a review of the evi-
dence for and against this suggestion.2 Journal of Biomedicine and Biotechnology
EVIDENCE FOR CANDIDATURE OF LINE1s
AS BOOSTER ELEMENTS
RichnessofLINE1sontheX-chromosome
Although XCI is incomplete in autosomal material, it seems,
from many human X; autosome translocations and from
mouse transgenes, that it can travel to some extent in any
autosome. Therefore, to be candidates for boosters, elements
must be present throughout the genome but must be par-
ticularly dense on the X-chromosome. The mouse and hu-
man X-chromosomes were ﬁrst described as being rich in
L1s on the basis of FISH (ﬂuorescent in situ hybridization)
evidence with antibodies to L1s [13, 14]. This was later ex-
tended to other species [15, 16]. In the fruit bat Carollia,a n
X; autosome translocation forms part of the normal kary-
otype. Parish et al [17] found that the X-chromosomal part
of the translocation was rich in L1s but the autosomal part
was no richer than other autosomes. Thus, the data suggest
that richness in L1s is a common feature of mammalian X-
chromosomes.
Data accruing from the human genome project have
yielded further detailed information on the distribution of
L1s along the human X-chromosome. Bailey et al [18]c o m -
pared the human X-chromosome with several autosomes
and found the X-chromosome to be indeed rich in L1s, hav-
ing 26% L1s compared with only 13% in autosomal DNA.
On the human X-chromosome, some genes escape XCI and
remainactiveontheXi.Theseescapinggenestendtobeclus-
tered in certain regions, particularly in the distal part of the
short arm, Xp. Bailey et al found that the concentration of
L1s in this distal part of Xp was lower than in the vicinity of
the XIC. They also studied the age of the L1s and found that
they were predominantly of a younger age, dating from the
time in evolution of the eutherian radiation. Ross et al [19]
studied the complete annotated sequence of the human X-
chromosome and were able to provide further detail on the
distribution of L1s. They conﬁrmed that the X-chromosome
was indeed rich in L1s, having 29% L1s compared with a
genome average of 17%. The density of L1s was high around
the XIC but the XIST gene itself lay in a 60kb region not rich
in L1s. Distal Xp, where there are many genes escaping XCI,
had an L1 density not greater than that in autosomes. Graves
and Watson [20] had studied the evolutionary history of the
X-chromosome and divided it into an older X-conserved re-
gion(XCR),whichhadevolvedfromanautosomeatanearly
stage, and a region more recently added from an autosome,
theX-addedregion,XAR.Theseregionswerefurtherdivided
into ﬁve subregions according to their evolutionary age [21].
Ross et al found that the density of L1s in the various regions
was strongly correlated with evolutionary age, being highest
in the evolutionarily oldest regions.
Thus, these data are compatible with L1s having a role as
boosters in XCI. However, they do not reveal whether L1s are
part of the mechanism of XCI or whether the density of L1s
is a consequence of XCI.
EvidencethatappearstoconﬂictwiththedataofBaileyet
al and Ross et al comes from the work of Ke and Collins [22].
They studied the density of L1s at points from 1kb to 100kb
upstream or downstream of 19 human genes that escaped
XCI and 73 normally inactivated genes and found no signif-
icant diﬀerences. They did, however, ﬁnd a lower density of
CpG islands around escaping genes. This work in turn was
contradicted by Carrel and Willard [23] who studied a much
largernumberofescapingandnonescapinggenes,andfound
nodiﬀerenceinCpGislandcontentbut,likeRossetal,found
that regions with many escaping genes did have a lower L1
content. Two groups have studied chicken transgenes intro-
duced into the mouse X-chromosome, to determine if they
would be subject to XCI, given that they are unlikely to con-
tainrecognitionsequencesimportant forXCI(suchasyoung
L1s that are absent in the chicken genome). Riggs [24] intro-
duced a chicken transgene into the mouse Hprt locus. The
transgene had complete ﬂanking sequences but no L1s and
yet it was inactivated when on the Xi. However, Goldman
et al [25, 26] introduced a larger construct, consisting of 11
copies of the chicken 17kb transferrin gene (187kb in all),
into the mouse X-chromosome and the transgene escaped
inactivation. This is consistent with L1s acting over relatively
large distances.
As in the human, data from the mouse genome sequenc-
ing project have conﬁrmed that the mouse X-chromosome
is rich in L1s having 28.5% L1s compared with 14.6% in au-
tosomes [27]. The mouse Y-chromosome also is rich in L1s.
Tsuchiya et al [28] studied a region of the human X, Xp11.2,
that contains a domain of escaping genes and compared it
with a conserved region in the mouse, which has only one
escaping gene. They found no association of L1 density with
escape from XCI, except that L1 density was reduced in the
SMCX/Smcx gene region. In contrast, the density of long ter-
minal repeats (LTRs) was decreased in the human escaping
region.
RecentdataonX;autosometranslocations
Incomplete XCI in autosomal segments attached to the X-
chromosome in X; autosome translocations could have var-
ious causes. The silencing signal could fail to travel in au-
tosomal chromatin, or autosomal genes might be resistant
to the signal, or the stabilization of XCI might fail so that
genes undergo reactivation. It is diﬃcult to tell these causes
apart in speciﬁc cases, but some clues are available. In some
cases, genes at a long distance from the translocation break
in the autosome are inactivated, while some other intersti-
tial genes are not. In such a case, the escape of the inter-
stitial genes from XCI must be either due to resistance to
the original silencing signal or to initial silencing followed
by reactivation. To distinguish between these two possibil-
ities requires observations at diﬀerent times. For example,
observations might be made of mouse embryos and liveborn
young of various ages, or cultured cells might be followed
over diﬀerent passages. In early work on the mouse, there
were several translocations involving chromosome 7 and the
coat colour genes albino, c, and pinkeye, p [29]. Both the c
and p genes showed variegation, resulting from the inacti-
vation of the wild-type alleles in the translocated segment,
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varied from one translocation to another. Hence, incomplete
XCI of the two colour genes cannot have been solely due to
theirresistancetothesilencingsignalorthestabilizingmech-
anism. The degree of travel of the signals into the autosome
must have been at least partly responsible, and this is con-
ﬁrmedbythefactthatvariegationwaslowerwithgreaterdis-
tance of the genes concerned from the XIC. Evidence that re-
activation was also involved was provided by Cattanach [30]
who showed that animals with inactivation of the wild-type
alleleofthealbinogeneduetothetranslocationIs(In7;X)1Ct
darkened with age, as the wild-type allele regained expres-
sion. The distribution of the pigmented cells was such that
they could not have arisen by movement of pigmented cells
around the body, but must have arisen by change in expres-
sion of pigment genes. Thus, in this group of translocations,
it appears that both failure of travel of the signal and failure
of stabilization were involved.
Recently there has been further work with mouse and
human translocations. In the mouse, Duthie et al [31]
studied two translocations resulting in variegation for coat
colour genes, T(4;X)37H which gives variegation for the
gene brown, b, and Is(In7;X)1Ct (previously studied by Cat-
tanach)whichgivesvariegationforalbino,c,pink-eye, p,and
ruby2,ru2.Theyfoundonlylimitedcoatingoftheautosomal
material with Xist RNA and variation from cell to cell. Sim-
ilarly, the spread of hypoacetylation of histone H4 into the
autosome was limited and variable. In the X-chromosome
itself, Xist RNA was restricted to light G-bands. These results
are consistent with initial spread of Xist RNA to a point be-
yond that of the inactivated genes, followed by the failure of
the stabilization mechanism so that hallmarks of XCI, such
as hypoacetylation of histones, did not appear, and in some
cells genes were reactivated. Resistance of some genes to the
original silencing signal is also possible. As Cattanach [30]
had previously shown the reactivation of the wild-type allele
of the c gene in Is(In7;X)1Ct, it is tempting to attribute all
the eﬀects seen to reactivation, but in fact the failure of travel
of the silencing signal and the resistance of some genes to it
are also possible.
Recent results with human X; autosome translocations
have also suggested the occurrence of reactivation of auto-
somal material. These studies have used unbalanced translo-
cation products. In individuals with balanced X; autosome
translocations the translocated X-chromosome is typically
the active one (Xa) in all cells. Inactivation of the translo-
cated X leads to genetic imbalance, because of the inac-
tivation of the attached autosome and failure of inactiva-
tion of the X-chromosome segment lacking the XIC. Cells
with the translocated X-chromosome as the Xi are thus se-
lected against. Conversely, in an unbalanced translocation,
inactivation of the translocated segment tends to restore ge-
netic balance and is selected. White et al [32] studied a
female with an unbalanced X; 4 translocation and a nor-
mal phenotype, suggesting that most of the excess chro-
mosone 4 segment was inactive. They found that 14/20 genes
and expressed sequence tags (ESTs) were inactivated and
6/20 were expressed. The inactivated genes were distributed
widely along the autosomal segment, indicating that the
inactivating signal had travelled a long distance along the
segment, over 100Mb. Five of the six expressed sequences
were interstitial, having inactivated sequences on both sides.
These results were consistent either with the resistance of
these genes to the original silencing signal or with their re-
activation.
A similar picture consistent with either resistance to si-
lencing, or with reactivation, or with both has emerged from
other studies with human X; autosome translocations, in
which various hallmarks of XCI have been studied. Keo-
hane et al [33] found no spread into the autosome of XIST
RNA, hypoacetylation, or late replication in two unbalanced
translocations, but others obtained diﬀerent results. Sharp et
al [34] studied ﬁve unbalanced translocations, one of which
had also been used by Keohane et al and found considerable
variation in the spread of XCI. The overall picture was of dis-
continuous spread of XCI, with some interstitial genes not
inactivated. Hallmarks of XCI, including hypoacetylation of
histones,latereplication,andCpGislandmethylation,varied
from case to case and from cell to cell. In contrast to the re-
sultsofKeohaneetal,theyfoundsomespreadingofXCIinto
the autosome in the case also studied by these authors. Hall
etal[35]studiedtwounbalancedtranslocationsinwhichthe
relatively normal phenotype suggested considerable gene in-
activation. In both translocations, only part of the autoso-
mal segment was coated with XIST RNA. In one, the auto-
some showed hypoacetylation, and in both, late replication
varied from cell to cell. The autosomal segments seemed to
show more hallmarks of XCI than was indicated by the XIST
RNA coverage, and the authors suggested that the XIST RNA
hadoriginallyextendedfurther.Theworkwasdonewithcul-
tured cells, and at earlier passages of the same cells, com-
plete late replication of the autosomal segment had been ob-
served, whereas it was now only partial, suggesting a loss of
late replication with time. Failure of stabilization of inacti-
vation seemed a better explanation of the eﬀects seen than
resistance to the original silencing signal.
Thus, the evidence as a whole from X; autosome translo-
cationsisthatincompleteXCIinautosomalmaterialinvolves
a combination of factors. The early work on mouse translo-
cations indicated incomplete travel of the original silencing
signal in diﬀerent translocations. The more recent data sug-
gest that, in addition, there may be resistance of some genes
to the silencing signal, and also failure of the stabilizing sig-
nal, leading to reactivation. The possibility of reactivation
would ﬁt with the earlier work of Cattanach [30] on the re-
activation of the albino gene with age in the insertion Is1Ct.
It is also consistent with the studies of Hall et al [36]w h o
introduced an XIST transgene into an autosome in human
cultured cells, and found diminution of signs of XCI with
time in culture. The general picture at present is that both
the original silencing and also the stabilizing mechanism are
liable to failure in autosomal material.
PossiblemechanismsofactionofLINE1s
WhentheXist geneisintroducedasatransgeneintoanauto-
some, eﬀects similar to those in X; autosome translocations4 Journal of Biomedicine and Biotechnology
are seen. The Xist RNA coats the autosome, but not com-
pletely, and the genes are silenced, but those at a distance
from the transgene may escape silencing [37]. Wutz and
Jaenisch [38] constructed an inducible Xist cDNA transgene
and introduced it into an autosome in mouse embryonic
stem (ES) cells. In undiﬀerentiated ES cells, the Xist RNA
travelledalongthechromosomeandbroughtaboutsilencing
of genes. This silencing was not accompanied by hallmarks
of XCI and was reversed when the agent inducing the cDNA
expression was removed. When the ES cells were allowed
to diﬀerentiate in the presence of Xist cDNA, hallmarks of
XCI appeared and the silencing became irreversible and in-
dependent of expression of Xist by the inducing agent. Thus,
there is some developmental factor, unidentiﬁed at present,
required for the start of the stabilizing process. The timing
of travel of Xist RNA is hence very important. If this RNA
is not in place when the developmental factor initiates stabi-
lization, the process will fail. It is not yet known how long is
required for the process of coating of the chromosome with
Xist RNA. However, data of Latham [39] and of Huynh and
Lee[40],thatinearlymouseembryosX-linkedgenesatadis-
tance from the XIC remain active at later stages than those
near the XIC, suggest that it is quite a slow process. Possi-
bly, L1s could aﬀect the speed of travel of Xist RNA. Another
possibility is that they could promote the attachment of Xist
RNA to the chromatin, and hence could aid in the stabiliza-
tion.
The process of stabilization might also be aﬀected in oth-
er ways. L1s might aﬀect the binding of histone-modifying
enzymes or might aﬀect CpG island methylation. Hansen
[41] studied methylation of L1s in females suﬀering from
the autosomal recessive ICF syndrome (immunodeﬁciency,
centromeric instability, and facial anomalies) caused by the
deﬁciency of the DNMT3B de novo DNA methyltransferase
gene. These females showed normal methylation of CpG
islands and L1s on autosomes and the active X, but re-
duced methylation of both L1s and CpG islands on the in-
active X-chromosome. This indicated that L1s and CpG is-
lands on the inactive X are methylated by DNMT3B, and
that autosomal and active X L1s are methylated by some
other enzyme. Hansen concluded that X-chromosomal L1s
are probably unmethylated at the time of initiation of XCI
in the early embryo. This is consistent with them having a
role in XCI. Another possibility is that L1s tend to change
the state of chromatin towards the heterochromatic state
and this again might tend to assist stabilization of XCI
[42].
An interesting point is that Allen et al [43]f o u n da ne x -
cess of L1s in the ﬂanking regions of autosomal monoallel-
ically expressed genes, both imprinted genes and randomly
monoallelically expressed genes. In human and mouse, the
L1s were primarily of an evolutionarily young, species-
speciﬁc type, suggesting that they had accumulated after the
genes became monoallelic, and that the genes concerned had
developedastrategyformonoallelicexpressioninvolvingL1s
afterﬁrstbecomingmonoallelic.AswiththeX-chromosome,
the role of these L1s is not clear.
MECHANISM OF ACCUMULATION OF LINE1s
ON THE X-CHROMOSOME
Consideration of the possible means of accumulation of L1s
on the X-chromosome might yield some clues as to whether
this accumulation is a part of the mechanism of XCI or is a
result of it. One possibility is that L1s have accumulated as a
result of reduction in recombination on the X-chromosome
as the X- and Y-chromosomes have diﬀerentiated. The Y-
chromosome is thought to have diﬀerentiated from the X-
chromosome by a series of inversions [19, 44]. Each inver-
sion will have led to an absence in males of recombination
in the inverted segment. This will have been followed by the
degeneration of the isolated segment of the Y-chromosome.
It has been suggested that the level of L1s in mammalian
genomes is a result of competition between insertion and
excision, and excision is thought to involve recombination.
Thus, as recombination on the X-chromosome decreased in
evolution, L1s would accumulate [16, 45]. In the Drosophila
species Dm i r a n d aretrotransposons were seen to accumu-
late during the evolution of a neo-Y chromosome [42], al-
though they did not accumulate on the X. Another possi-
bility is that late replication of the X-chromosome when in-
a c t i v em i g h tl e a dt oa na c c u m u l a t i o no fL 1 s[ 16]. Thus, ac-
cumulation of L1s might be due to diﬀerentiation of the X-
and Y-chromosomes in evolution and in this sense inciden-
tal to XCI. It should be noted, however, that the age of the
L1s dates them from the time of the eutherian radiation [18],
well after the time of the diﬀerentiation of the X- and Y-
chromosomes. Even if the accumulation of L1s is inciden-
tal to XCI, they could still be part of the mechanism. There
could be a self-sustaining system. It is possible that as the
X- and Y-chromosomes diﬀerentiated, L1s accumulated and
this favoured the spread of XCI, which presumably began at
theXIC.FurtheraccumulationofL1sinevolutioncouldthen
have been selected.
CONCLUSION
At present, there is good evidence for an accumulation of
L1s on the human X-chromosome in such a distribution
that they could fulﬁl the function of booster elements in
XCI. Whether or not they indeed have such a function is
less clear. Information from the sequence of the human X-
chromosomeshowingthatregionswithmanyescapinggenes
have a lower density of L1s is very provocative. In addi-
tion to the more limited coverage of Tsuchiya et al [28], it
would be very valuable to have similar data on the mouse X-
chromosome, which has been much rearranged in evolution
and where there are fewer escaping genes.
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